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Abstract

The search for atmospheres on rocky exoplanets is a crucial step in understanding the processes driving
atmosphere formation, retention, and loss. Past studies have revealed the existence of planets interior to the radius
valley with densities lower than would be expected for pure-rock compositions, indicative of the presence of large
volatile inventories, which could facilitate atmosphere retention. Here, we present an analysis of the JWST/
NIRSpec G395H transmission spectrum of the warm (Tiq a,—0 = 569 K) super-Earth TOI-270b (R, = 1.306 Ry,),
captured alongside the transit of TOI-270d. The JWST white light-curve transit depth updates TOI-270b’s
density to p, = 3.7 &= 0.5gcm™ 3, inconsistent at 4.40 with an Earth-like composition. Instead, the planet is best
explained by a nonzero, percent- level water mass fraction, possibly residing on the surface or stored within the
interior. The JWST transmission spectrum shows possible spectroscopic evidence for the presence of this water as
part of an atmosphere on TOI-270b, favoring an H,O-rich steam atmosphere model over a flat spectrum
(In B = 0.3-3.2, inconclusive to moderate), with the exact significance depending on whether an offset parameter
between the NIRSpec detectors is included. We leverage the transit of the twice-larger TOI-270 d crossing the
stellar disk almost simultaneously to rule out the alternative hypothesis that the transit light source effect could
have caused the water feature in TOI-270b’s observed transmission spectrum. Planetary evolution modeling
furthermore shows that TOI-270 b could sustain a significant atmosphere on gigayear timescales, despite its high
stellar irradiation, if it formed with a large initial volatile inventory.

Unified Astronomy Thesaurus concepts: Exoplanet astronomy (486); Exoplanet atmospheres (487); Exoplanet
atmospheric composition (2021); Exoplanet systems (484); Exoplanet evolution (491); Stellar activity (1580)
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The solar system presents a clear dichotomy between the gas
giants, hosting primordial H,/He-dominated atmospheres, and
the terrestrial planets, hosting either high-mean-molecular-
weight (MMW) secondary atmospheres or no atmosphere at
all. One of the main legacies of the Kepler survey is the
discovery of a similar phenomenon, in which the occurrence of
planets shows a bimodal distribution composed of super-Earths
and sub-Neptunes, two populations peaking at R, ~ 1.3 Ry, and
~ 2.4 R, respectively, with a gap in occurrence rate reaching a
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minimum at 1.8 R;, (B. J. Fulton et al. 2017; B. J. Fulton &
E. A. Petigura 2018; V. Van Eylen et al. 2018). This gap is
generally thought to be the result of photoevaporative and core-
powered mass-loss processes (E. D. Lopez & J. J. Fortney 2013;
J. E. Owen & Y. Wu 2013; S. Jin et al. 2014; H. Chen &
L. A. Rogers 2016; S. Ginzburg et al. 2018; A. Gupta &
H. E. Schlichting 2019), with super-Earths expected not to
retain any significant H,/He-dominated atmospheres. Another
proposed explanation is that the radius valley is the outcome of
planet formation processes alone. J. Venturini et al. (2020)
showed that the bimodality of the planetary radii distribution is
reproduced through pebble accretion of more rocky or icy
material depending on formation location. Additionally, the
significance and position of the radius gap has been observed to
depend on the host-star spectral type, with M dwarf stars
exhibiting a higher occurrence of planets within the radius gap
compared to early-type stars (R. Cloutier & K. Menou 2020;
C. S. K. Ho et al. 2024; L. Parc et al. 2024; J. Venturini et al.
2024). Planets within the radius gap have been found to show
densities consistent with the presence of significant amounts of
volatiles. An analysis of a sample of 34 small planets orbiting M
dwarfs identified a distinct population of objects: “water
worlds,” planets with significant (>10%) amounts of volatiles
(e.g., H,O) by mass R. Luque & E. Pallé¢ (2022). However, a
recent analysis of a twice-larger sample of planets observed no
statistical evidence for the presence of such a population
(S. Dainese & S. H. Albrecht 2025). Ultimately, the limited size
and precision of the current sample make these results sensitive
to statistical analysis methods and interior structure assumptions
(H. Parviainen et al. 2024).

The TOI-270 planetary system (M. N. Giinther et al. 2019)
is a prime example of the transition between super-Earths and
sub-Neptunes. It contains three planets spanning both sides of
the radius valley (Rpy, ~ 1.3, Ry ~ 2.3, and R, 4 ~ 2.0 Rg;
L. Kaye et al. 2022) orbiting a quiet (by M dwarf standards)
M3V-type host star, proving a valuable test subject to study the
outcome of planet formation, evolution, and migration.

The innermost planet of the system, TOI-270b (R, =

1.287003 Re; L. Kaye et al. 2022), sits directly in the radius
regime of super-Earths. Past studies found its measured
density to be consistent with an Earth-like composition
(V. Van Eylen et al. 2021; L. Kaye et al. 2022), and it is
expected to have rapidly shed off any primordial H,/He it
might have accreted throughout its formation (J. E. Owen &
Y. Wu 2017). It is possible, however, that it accreted a
significant amount of volatiles during its formation or through
late-stage impacts, and could thus host a secondary atmosphere
sustained by outgassing (E. S. Kite & M. N. Barnett 2020).
Late-type stars, with their small radii and low effective
temperatures, present a prime opportunity to characterize the
atmospheres of small, rocky exoplanets through transmission
and thermal emission observations. Owing to its relatively
high equilibrium temperature (Toq a,—0 = 581 K) and the radius
of its host star (R; = 0.378 R; V. Van Eylen et al. 2021), TOI-
270b has a predicted feature amplitude of ~40ppm for a
water-dominated atmosphere (Equation (2) of L. Kreidberg
2018, assuming that five scale heights are probed), which is in
principle within the reach of the JWST.

While the size of TOI-270 proves advantageous for atmo-
spheric studies, the possible presence of unocculted spots and
faculae on its surface, which are expected on active stars such as
M dwarfs, may lead to the introduction of stellar contamination

Coulombe et al.

in transmission spectroscopy via the transit light source (TLS)
effect (B. V. Rackham et al. 2018, 2019). Thus far, this source
of contamination has hindered efforts to characterize rocky
planets via transmission spectroscopy (e.g., O. Lim et al. 2023;
E. M. May et al. 2023; S. E. Moran et al. 2023; M. Radica et al.
2025; A. D. Rathcke et al. 2025). This is especially problematic
for M dwarf stars, as water absorption features in the stellar
spectrum can create the illusion of planetary water absorption
features. Notably, S. E. Moran et al. (2023) and E. M. May et al.
(2023) found evidence for water features in the JWST /NIRSpec
G395H transmission spectra of GJ 486b and GJ 1132b,
respectively. These features could be explained either by a
planetary atmosphere signal or contamination from unocculted
star spots, with the two scenarios being strongly degenerate at
the wavelengths covered by the observations (3-5 pm). JWST/
MIRI thermal emission observations later revealed both of these
planets to show dayside flux measurements consistent with bare
rocks (M. W. Mansfield et al. 2024; Q. Xue et al. 2024),
suggesting that the observed features in transmission were
possibly due to stellar contamination after all. The thermal
emission measurements could not rule out thin atmospheres
with moderate amounts of water, however, leaving some margin
for the presence of tenuous atmospheres on these planets.

An analysis of the NIRSpec G395H spectrum of TOI-270 b
was presented in M. Holmberg & N. Madhusudhan (2024), where
they found that both stellar contamination and H,-rich atmosphere
models are preferred at more than 3o significance over a
featureless spectrum. They further found that the H,-rich
atmosphere model is tentatively preferred (2.70) over the stellar
contamination model when imposing Gaussian priors on the TLS
parameters measured from TOI-270 d. Few details are given as to
the possible composition of the H,-rich atmosphere scenario,
however, with only a potential preference for absorption from
OCS (carbonyl sulfide) being mentioned. Furthermore, no
retrievals were performed fitting simultaneously for TLS and an
atmosphere model, which can significantly impact the atmo-
spheric inferences (C. Piaulet-Ghorayeb et al. 2025).

In this work, we present an updated density for the super-
Earth planet TOI-270b using the more precise radius
constraints from its JWST/NIRSpec G395H transit, revealing
the planet to be significantly underdense compared to an Earth-
like composition. We also perform an in-depth atmospheric
analysis of the transmission spectrum, presenting possible
evidence of a water absorption feature in its transmission
spectrum even when accounting for the TLS effect, which we
constrain at high precision using the transmission spectrum of
TOI-270d. In Section 2, we present the JWST/NIRSpec
G395H observations, along with the data reduction and light-
curve fitting methodology. We also explain the derivation of
stellar abundances from high-resolution near-infrared
spectroscopy with the Near-InfraRed Planet Searcher (NIRPS)
spectrograph. We describe the bulk composition analysis in
Section 3, atmospheric analysis and results in Sections 4 and 5,
respectively, and the atmospheric evolution analysis in
Section 6. Finally, we discuss the implications of our results in
Section 7, and summarize our work in Section 8.

2. Observations and Data Analysis

As part of a large JWST survey of sub-Neptunes and water
worlds (GO 4098; PIs: Benneke & Evans-Soma), we observed
on 2023 October 13 a transit of the sub-Neptune TOI-270 d with
the NIRSpec G395H instrument (S. M. Birkmann et al. 2022;
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P. Jakobsen et al. 2022). Independent analyses of this visit are
presented in B. Benneke et al. (2024) and M. Holmberg &
N. Madhusudhan (2024). These observations also captured a
transit of the innermost planet of the system, the super-Earth
TOI-270 b, the analysis of which is the focus of this work. We
detail our data reduction, light-curve preparation, and light-
curve fitting methodology in the subsections below.

2.1. exoTEDRF Data Reduction

We perform a reduction of the TOI-270b/d time-series
observations using exoTEDRF (A. D. Feinstein et al. 2023;
M. Radica et al. 2023; M. Radica 2024) to complement the
Eureka! (T. Bell et al. 2022) and Tiberius (J. Kirk et al.
2017, 2021) analyses presented in B. Benneke et al. (2024).
We closely follow the procedure presented in S. P. Schmidt
et al. (2025) and E.-M. Ahrer et al. (2025), and outline the
major steps here.

The Stage 1 corrections include subtraction of the superbias
and dark frames, linearity correction, and cosmic-ray detection,
for which we use a time-domain rejection algorithm (M. Radica
et al. 2024) to identify and flag any pixels which deviate by
more than 100 from a median stack of the seven surrounding
frames. We also correct the column-correlated 1/f noise and
background signal at the group level following best practices for
NIRSpec observations (e.g., L. Alderson et al. 2023, 2024). For
this step, we mask all pixels within nine pixels of the trace
center, as well as any clear outliers, and subtract the median of
each detector column to simultaneously remove the background
and 1/f contributions. Stage 1 ends with ramp fitting.

In Stage 2, we repeat the background and 1/f subtraction to
remove any residual column-correlated noise. However, we
note that adding this step has a negligible impact on the final
extracted spectra, indicating that our initial group-level
correction was sufficient. We then flag and interpolate any
remaining bad pixels using a 15¢ spatial (i.e., outliers relative
to surrounding pixels in a given frame) and 100 temporal (i.e.,
outliers relative to surrounding frames in time) outlier
threshold. We then perform a principal component analysis
on the 2D detector frames themselves in order to identify
detector trends which may impact the extracted light curves
(L.-P. Coulombe et al. 2023, 2025; M. Radica et al. 2024).
However, we find that the detector was extremely stable
throughout the course of the TSO, with only a minor subpixel
drift in the vertical position of the trace over time. Finally, we
locate the positions of the spectral traces on each detector
using the edgetrigger algorithm (M. Radica et al. 2022)
and extract the stellar spectra using a simple box aperture with
a full width of eight pixels.

2.2. Light-curve Preparation

We perform additional corrections to the light curves
extracted with exoTEDRF before proceeding with light-curve
fitting. Temporal outliers are corrected for in each spectral bin
by clipping any count that is more than 30 away from the
running median. We also correct for “bad” spectral bins by
computing the point-to-point scatter in time of all bins and
flagging any bin whose measured scatter is 30 away from the
running median in wavelength. The count values of all flagged
bins are then replaced by the value of the running median in
wavelength space. We produce two white light curves, one for
each NIRSpec detector, and also produce the spectroscopic
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light curves using a fixed resolving power of R = 200,
resulting in 53 and 60 bins for NRS1 and NRS2, respectively,
for a total of 113 spectral bins. We repeat the same procedure
for the Eureka! and Tiberius reductions presented in
B. Benneke et al. (2024) to produce three independent spectra.

2.3. Light-curve Fitting

We separate the light-curve fitting process into two distinct
steps following a methodology similar to that of B. Benneke
et al. (2024). First, we perform a joint fit of our NRS1 and
NRS2 white light curves to constrain the orbital and physical
parameters of TOI-270b and d. Second, we proceed with the
spectroscopic light-curve fitting, where we fix the orbital
parameters to the best-fit values from the white light-curve fit.
We describe these two steps in detail below.

2.3.1. White Light-curve Fit

To constrain the orbital parameters of TOI-270 b, we jointly
fit the two white light curves produced by summing all
wavelengths of the NRS1 (2.86-3.72pm) and NRS2
(3.82-5.17 pum) detectors from the exoTEDRF reduction. We
compute the running median of both light curves (using a
window of five integrations) and clip any data point that is more
than 3.50 away from the median. We keep free the orbital
parameters (7o, R,/Rs, a/Rs, b) of TOI-270b and TOI-2704d,
assuming large uniform priors. We fix the periods of planets b
and d to P, = 3.3601538 and P4 = 11.379573 days (V. Van
Eylen et al. 2021), respectively, and assume circular orbits
(e = 0). We use the quadratic limb-darkening law and fit the
limb-darkening coefficients (LDCs) [u;, u,] considering large
uniform priors (U[—3, 3]), as recommended in L.-P. Coulombe
et al. (2024), sharing the coefficients between the two planets.
As in B. Benneke et al. (2024), we sum the transit light-curve
models of both planets, simulated with batman (L. Kreidberg
2015), to produce the astrophysical model. We consider a linear
trend for the systematics model and fit for photometric scatter.
The parameter space is explored using the Markov Chain Monte
Carlo ensemble sampler emcee (D. Foreman-Mackey et al.
2013). We iterate for 50,000 steps, using 80 walkers (four per
free parameter) and discard the first 30,000 steps as burn-in. The
systematics-corrected white light curves (in which we removed
the contribution from TOI-270 d) along with their best fits are
shown in Figure 1. The constraints on the orbital parameters of
TOI-270 b are presented in Table 1, and the rms of the residuals
as a function of the bin size of the white light curves are shown
in Figure 10 of the Appendix.

The measured semimajor axis and impact parameter for TOI-
270b are consistent with the values from V. Van Eylen et al.
(2021) within their 1o errors. We also measure planet-to-star
radius ratios from the NRS1 (R,/R; = 0.03164 + 0.00013) and
NRS2 (R,/Rs = 0.03117 £ 0.00015) white light curves, which
we combine into a single measurement of the planetary radius
using the weighted mean and uncertainty of the two values, also
accounting for the correlation between the two parameters,
resulting in a planet-to-star radius ratio of R,/R, = 0.03144 £
0.00010. Assuming the stellar radius from L. Kaye et al.
(2022) of Ry = 0.380 + 0.008 R..,, our measured R,,/R; translates
to a planetary radius of R, = 1.306 + 0.028 Ry, (Figure 2),
consistent at less than 1o with the values presented in
L. Kaye et al. (2022; R, = 1.287003 R>) and M. Holmberg &
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Figure 1. Broadband and spectroscopic light-curve fits of the NIRSpec G395H
transit of TOI-270 b, extracted with exoTEDREF. The top panel is a schematic of
TOI-270 b (blue) and d (red) as they transit across the stellar disk at time
t = 2460222.265 BJD, illustrating their trajectories (dashed lines) and the 1o
confidence region corresponding to their orbital inclination uncertainties. The
broadband light-curve fits (white) are shown for the NRS1 and NRS2 detectors,
along with eight systematics-corrected spectroscopic light curves (colored dots)
and their best-fit transit models (black lines). The light curves are plotted with a
relative flux offset and are binned in time in groups of 75 data points
(corresponding to 13.6 minutes bins). The best-fit model transit of TOI-270 d,
whose position is indicated by the gray dashed lines, partially overlaps with that
of TOI-270 b and is removed from the data and best-fit model for visual clarity.
All light curves are well behaved and show Gaussian distributions in their
residuals (computed from the nonbinned light curves; right).

N. Madhusudhan (2024; R, = 1.302 + 0.028 R,), and at 20 with
the value of V. Van Eylen et al. (2021; R, = 1.206 & 0.039 R).

Our constraints on the planet’s semimajor axis, together with the
orbital period reported by V. Van Eylen et al. (2021), correspond
to a measurement of the stellar density (p,) via Kepler’s third law
(S. Seager & G. Mallén-Ornelas 2003; J. N. Winn 2010):

37 [ a 3
~——]. 1
P, GPZ(RS) )
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To constrain this value, we repeat the white light-curve
analysis described above, this time directly fitting for the
stellar density (4[1, 20] g cm >, shared between planets b and
d), rather than for the semimajor axes. Our fit yields a value of
ps = 11.3070%) gem ™, in agreement with and more precise
than the value of 10.63 =+ 0.74 gcm > derived in L. Kaye
et al. (2022). While our measured density is inconsistent with
that of V. Van Eylen et al. (2021; 7.20 £+ 0.63 g cm*3), this is
likely due to an erratum as their measured stellar radius and
mass correspond to a density of 10.11 4 0.93 gcm ™. We do
not rederive the stellar mass and radius from our density
measurement, however, as potentially nonzero eccentricities
for planets b and d, known to lead to overestimation of the
stellar density (D. M. Kipping 2010), would need to be
accounted for.

2.3.2. Spectroscopic Light-curve Fits

We proceed with the spectroscopic light-curve fitting by
fixing the orbital parameters of TOI-270b and TOI-270d to
their best-fit values from the white light-curve fit (Ty
= 2460222.240112BJD, a,/Rs = 19.33, b, = 0.12, T4
= 2460222.301636 BJD, a4/R, = 42.92, by = 0.094). We then
follow the same procedure as for the white light curves, fitting
each spectral bin individually. We keep free the planet-to-star
radius ratio of both planets, assume that they share the same
LDCs, and consider a linear trend for the systematics model.
We sample the parameter space for 10,000 steps per spectral
bin, using four walkers per free parameter, and discard the first
6000 steps as burn-in. Examples of systematics-corrected
spectroscopic light curves from exoTEDRF are shown in
Figure 1, and the resulting transmission spectrum of TOI-270 b
is shown in Figure 3 and Figure 11 in the Appendix. Spectra
obtained from the Eureka! and Tiberius reductions using
the same fitting methodology are also shown in Figure 11.

2.4. Correlated Noise and Impact of Data Reduction
Methodology

We find that the fitted NRS1 and NRS2 white light-curve
scatters are significantly higher for the Eureka! reduction
compared to Tiberius and exoTEDRF (see Figure 10 of the
Appendix). However, we observe a “noise plateau” beyond bin
sizes of ~30—40 minutes and ~10 minutes for the NRS1 and
NRS2 detectors, respectively, beyond which the three reduc-
tions exhibit similar residual rms values. The existence of this
plateau could be caused by the presence of astrophysical noise
or uncorrected systematics common to all reductions. The rms
of the residuals as a function of bin size for the spectroscopic
light curves also deviate from the expected behavior of
Poisson noise, although less notably than the white light curves
given their lower signal-to-noise ratio (SNR).

Comparing the transmission spectra from the three reduc-
tions, we find good agreement between the Tiberius and
exoTEDRF spectra, with the Eureka! spectrum diverging
from the two other reductions at the reddest wavelengths
(>4.5 pm) of the NRS2 detector. To ensure that there is no
correlation between neighboring spectral channels, we com-
pute the covariance matrices of the residuals from the
spectroscopic light-curve fits for all three reductions (see
Figure 12 of the Appendix). In the scenario that there is no
crosstalk between spectral bins, we expect all elements of the
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Table 1
Derived Orbital Parameters from the Joint Fit of Our TOI-270 b JWST/NIRSpec G395H NRS1 and NRS2 White Light Curves Extracted Using exoTEDRF

Parameter

V. Van Eylen et al. (2021)

NIRSpec G395H

Midtransit time 7, (BJD-2400000.5)
Planet-to-star radius ratio R,/R

58387.09505 + 0.00074
0.02920 £ 0.00069

60221.740084 + 0.000035
0.03144 £ 0.00010

Semimajor axis a/R, 18.18%923 19.09*933
Impact parameter b 0.19 + 0.12 0.20 + 0.13
Derived

Planetary radius R, (R, 1.206 £ 0.039 1.306 £ 0.028
Inclination i (deg) 89.39 + 0.37 89.417949
Semimajor axis a (au) 0.03197 £ 0.00022 0.033620000%
Equilibrium temperature Teq ag—o (K) 581 £ 14 569714
Equilibrium temperature Toq ag—03 (K) 532 + 13 521f11%
Mean planetary density p, (g cm ) 497 + 094 3.7 £ 05
Mean stellar density pg (g cm ) 7.20 £ 0.63 11.30f8;§§

Note. Stated values correspond to the median and £ 10 uncertainties. We use the stellar radius from L. Kaye et al. (2022; R = 0.380 £ 0.008 R.) and the effective
temperature from V. Van Eylen et al. (2021; T = 3506 + 70 K) to derive the planetary radius and equilibrium temperature. The planetary density is derived using

the mass from L. Kaye et al. (2022; M, = 1.48 £ 0.18 My,).

covariance matrix to be null except for its diagonal. Upon
visual inspection of the covariance matrices, we find
significant correlation between neighboring spectral channels
for the Eureka! reduction. Quantitatively, the average
maximum-normalized covariance between neighboring bins
is 0.13 £ 0.03, compared to 0.02 £+ 0.03 and 0.01 £+ 0.03
for Tiberius and exoTEDRF, respectively. This is possibly
indicative of leftover 1/f noise in the light curves, which can
introduce correlation between neighboring columns and would
also explain the larger scatter observed for that reduction. We
thus do not consider the spectrum extracted with Eureka! for
the remainder of this work. Given the consistency between the
Tiberius and exoTEDREF reductions, as well as the slightly
lower transit depth errors of the latter, we proceed with the
exoTEDRF spectrum for our atmospheric analysis. We also
repeat a portion of our atmospheric analysis on the Tiberius
spectrum to assess the robustness of our results to data
reduction assumptions.

2.5. NIRPS TOI-270 Stellar Spectrum Analysis

As part of the NIRPS Guaranteed Time Observation (NIRPS-
GTO; E. Artigau et al. 2024; F. Bouchy et al. 2025) subprogram
focused on the characterization of exoplanet atmospheres (Prog
ID 112.25P3.001; PIs: Bouchy & Doyon), four transits of TOI-
270c and two of TOI-270d were observed between 2023
November 19 and 2024 November 4. NIRPS (F. Wildi et al.
2022; E. Artigau et al. 2024) is a near-infrared (0.98-1.80 pim)
fiber-fed, high-resolution spectrograph installed in parallel with
HARPS (M. Mayor et al. 2003; F. Pepe et al. 2004) on the ESO
3.6 m telescope at La Silla Observatory, Chile. Observations of
TOI-270 were conducted in High Efficiency mode (R = 70,000),
each comprising 22 to 33 consecutive exposures of 400 s, with a
median SNR per pixel of ~60 in the center of the H band. The
observations are reduced with APERO (v0.7.292; N. J. Cook
et al. 2022). Here, we use the 173 individual telluric-corrected
spectra to construct a single high-resolution spectrum of TOI-
270 from which the stellar abundances are determined.

To measure the abundances of specific chemical species, we
perform a series of fits on individual spectral lines following the
methodology of F. Jahandar et al. (2024, 2025). The lines are
fitted through x* minimization to state-of-the-art high-resolution

synthetic models of M dwarf stars from the PHOENIX ACES
library (T.-O. Husser et al. 2013). The models are convolved to
the resolution of NIRPS and have a fixed T.; of 3500K,
following the measurement of V. Van Eylen et al. (2021). We do
not use the effective temperature derived from NIRPS, as we find
significant discrepancy between the effective temperatures
measured in the Y and J bands compared to the H band
(Tegryy = 3564 = 30K and Ty = 3731 £ 20K). This
discrepancy is possibly due to systematic errors in the stellar
models, as well as the lack of K-band coverage, which was found
to be essential in breaking the metallicity—temperature degeneracy
in SPIRou data (F. Jahandar et al. 2024). Finally, we note that the
stellar abundance uncertainties are likely underestimated as we are
not marginalizing over the uncertainty on 7.g. Table 2 records the
abundances of all the chemical species detected in this TOI-270
data set, including key refractory elements such as Fe, Mg, and Si,
which compose the bulk of planetary cores and mantles. We
obtain a solar iron-to-magnesium ratio (Fe/Mg = 0.81 £ 0.22,
the solar value being 0.79 + 0.10; M. Asplund et al. 2009). The
overall metallicity and its uncertainty are computed by taking the
average abundances of all the measured elements and their
standard deviation divided by VN — 1, N being the number of
measurements. This approach, yielding [M/H] = —0.13 &+ 0.07,
allows us to better capture the dispersion of the element
abundances, reducing the weight put on oxygen due to the high
number of OH lines (F. Jahandar et al. 2024).

3. Planetary Bulk Composition Analysis

Our planet-to-star radius ratio of TOI-270 b obtained from
its JWST/NIRSpec transit results in an updated planetary
radius measurement that is 1.4 and 1.6 times more precise than
the values of V. Van Eylen et al. (2021) and L. Kaye et al.
(2022), respectively. Motivated by this increase in precision,
we perform an interior structure analysis for the planet.

3.1. Interior Structure Analysis

We use the smint Python package (C. Piaulet et al.
2021, 2022) to model the measured planetary radius and mass
of TOI-270 b, assuming that the structure of the planet consists
of three distinct layers: an iron-rich core, a silicate-rich mantle,
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Figure 2. Top: mass-radius diagram for all planets with equilibrium
temperatures (Ag = 0, f = 1) below 1000 K, radii below 1.6 R, and masses
measured at more than 20% precision. The gold star indicates the position of
TOI-270 b, using our measured radius and the mass of L. Kaye et al. (2022).
Isocomposition model curves from L. Zeng et al. (2016) are shown for pure
iron (red), Earth-like (33% iron; brown), and pure rock (orange) scenarios. In
contrast with planets that are in a similar mass range, TOI-270 b is inconsistent
with an Earth-like composition at 4.40. While consistent with a pure-rock
composition at 2.40, its radius is best explained by 3%—6% water by mass
when considering the irradiated ocean model from A. Aguichine et al. (2021;
blue line). The planet is also slightly below the 0.01% H,/He curve (light blue
line), the lowest value modeled in the atmosphere models of E. D. Lopez &
J. J. Fortney (2014). Bottom left: inferred water mass fraction (WMF, fi;,0)
probability posterior distribution when assuming a log-uniform prior on the
planetary iron-to-magnesium ratio to sample the core mass fraction of the
interior (CMFI). Bottom right: inferred WMFs when assuming the stellar
(blue) and solar (green) Fe/Mg values as priors for the CMFL

and a hydrosphere, following the prescription described in
A. Aguichine et al. (2021). The hydrosphere is composed of a
steam atmosphere atop a supercritical water layer. smint
takes as input the planetary mass (M,,), irradiation temperature
(Tir), water mass fraction (WMF, f; ), and core mass fraction

of the interior (CMFI, fc'ore), and interpolates over the
A. Aguichine et al. (2021) model grid to compute the
corresponding planetary radius. The CMFI is computed
considering only the core and mantle of the planet, in contrast
with the core mass fraction (CMF, f, ) which also accounts
for the mass of the hydrosphere. The interpolator is then
coupled to the affine-invariant ensemble sampler emcee
(D. Foreman-Mackey et al. 2013) to marginalize over the fC’Ore
—Ti,—M,, parameter space and infer the range of WMF values
that are consistent with the observed planet radius.

When there is no a priori knowledge of the CMFI, it is

common to marginalize over f, 'Ore by assuming a uniform prior
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U[0, 1]. However, because an Earth-like composition corre-
sponds to a CMFI of fc'm’O = 0.325 (A. Aguichine et al.

2021), a uniform prior on f’ allots twice as much prior

core
. . . !/ !/
volume to iron-rich scenarios (f,. > fio.) compared to

iron-poor (fy.. < [ »). To prevent this, we instead margin-
alize directly over the planetary iron-to-magnesium ratio
[Fe/Mg]/[Fe/Mg]., allowing for values ranging from 0.1 to
10 times the solar ratio (U[—1, 1]). Assuming that the core is
made of pure iron and the mantle of pure enstatite (MgSiOs),
the CMFI can be described as

-1
Fe ) Hmgsi

fclore =1+ _e MeS0s > (2)
Mg He

where fig./ [iygsio, 18 the iron-to-enstatite MMW ratio. Using
this reparameterized form, we fit for our measured planetary
radius considering a uniform prior for fyo (U[0, 1]), and
Gaussian priors for T, (N[569, 14*]K; see Table 1) and M,
(N[1.48, 0.18%] M; L. Kaye et al. 2022).

If, rather than being agnostic of the CMF of the planet, we
presume that it is directly related to the measured Fe/Mg ratio of
its host star, we can further constrain the WMF of TOI-270 b. This
assumption is based on solar system observations which find that
refractory elemental ratios of planetary materials match that of the
Sun (K. Lodders 2003). The same trend is expected for exoplanets
(C. Dorn et al. 2015; N. R. Hinkel & C. T. Unterborn 2018), and
is supported by population studies (C. L. Brinkman et al. 2025).
We note, however, that processes such as collisions (hypothesized
to be the cause of Mercury’s overdensity; W. Benz et al. 1988)
can impact the overall core-to-mantle mass ratio, and thus the
stellar abundances are not a perfect one-to-one proxy for planetary
abundance ratios. Our measurement of the stellar iron-to-
magnesium molar ratio of Fe/Mg = 0.81 £ 0.22 (comparable
to the solar value of 0.79 + 0.11; M. Asplund et al. 2009) thus
corresponds to a CMFI of fC' ore = 0.407 & 0.074 (Equation (2)),
which we then impose as a Gaussian prior in smint when fitting
for the WMF. Additionally, we perform a fit assuming a
Gaussian prior based on the solar value (N [0.412, 0.0322]).

3.2. Density and Internal Structure of TOI-270 b

Combined with the mass of 1.48 £+ 0.18 M, from L. Kaye
et al. (2022), our measured radius of 1.302 + 0.028R.
corresponds to a mean density of 3.7 + 0.5 gcm > for TOI-270 b
(Table 1), in agreement within their 1o uncertainties with the
measurements of V. Van Eylen et al. (2021; 4.97 4+ 0.94 gcm )
and L. Kaye et al. (2022; 3.89 + 0.66 gcm ). When compared
to the isocomposition mass—radius curves from L. Zeng et al.
(2016), we find that TOI-270b is inconsistent with an Earth-like
composition (33% iron) at 440 and is also 2.40 above the pure-
rock (100% mantle) curve (Figure 2). We note that the difference
in interpretation regarding the interior structure of TOI-270 b with
that of L. Kaye et al. (2022), who found its density to be consistent
with pure rock, is not caused by a significant difference in the
measured density but rather by a difference in the interior structure
models used. Indeed, the bulk composition curves considered in
M. N. Giinther et al. (2019) and L. Kaye et al. (2022) were taken
from J. J. Fortney et al. (2007), which, in contrast with L. Zeng
et al. (2016), does not account for density variations throughout
the core and mantle.

Additionally, the smint structure modeling shows that the
density of TOI-270b is best explained by the presence of
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Figure 3. Top: comparison of our measured transmission spectrum, binned at
a fixed resolving power of R = 35 for visual clarity, to cloudless self-
consistent models produced using SCARLET and assuming a solar carbon-to-
oxygen ratio (C/O = 0.55; M. Asplund et al. 2009) and atmosphere
metallicities of 1 (yellow), 100 (orange), 300 (maroon), and 1000 times solar
(brown). The relatively small amplitude of the spectrum of TOI-270b is
inconsistent with any clear H,/He-rich atmosphere with atmosphere
metallicities below 300 times solar. Chi-square x> values between the models
and the full-resolution (R = 200, N = 113 data points) spectrum are shown for
comparison. Bottom: comparison of TOI-270 b with 100 bar pure H,O (blue),
CH,4 (red), CO, (green), and NH; (purple) atmospheres. The rise in transit
depth at the shorter wavelengths of NIRSpec G395H is best reproduced by the
absorption features of water.

percent-level water by mass on TOI-270 b, with an inferred
WMF of 5.6733% when assuming a log-uniform prior on the
planetary Fe/Mg ratio (Figure 2). The range of possible WMF
values is reduced when assuming the stellar and solar Fe/Mg
values as priors for the CMFI of the planet, resulting in
constraints of 5.1% + 1.1% and 5.1% =+ 1.0%, respectively.
However, as discussed in Section 2.5, the uncertainty on the
stellar Fe /Mg value is possibly underestimated, which could in
turn lead to optimistic error bars on the WMF inferred from the
stellar prior. Furthermore, we note that the region of the
parameter space for WMF values between 0% and 10% is
sampled in smint by interpolating between the models of
L. Zeng et al. (2016) and A. Aguichine et al. (2021). Without
finer sampling of the A. Aguichine et al. (2021) models
in the 0%-10% WMF range, it is difficult to assess the
accuracy of this interpolation, and consequently the exact
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WMF of TOI-270b. Nevertheless, our results show the WMF
to be below 10% and more than 40 away from zero when
assuming the solar and stellar priors.

One possibility is that, rather than TOI-270 b being under-
dense, the assumed stellar radius and mass are incorrect.
Although these two quantities cannot be inferred directly from
transit light curves, our constraint on the stellar density of TOI-
270 (p, = 11.30339 gem ™) is consistent with the mass and
radius measurements of V. Van Eylen et al. (2021) and
L. Kaye et al. (2022), derived using apparent magnitude,
parallax, and spectral constraints. We thus conclude that the
stellar parameters used to derive the planetary radius and mass
of TOI-270 b are indeed valid.

4. Atmospheric Analysis

We model our transmission spectrum of TOI-270b with
varying levels of chemical assumptions, from self-consistent
atmosphere models to free-chemistry retrievals, and various
treatments of the TLS effect, as described in detail below. All
analyses are performed on the R = 200 exoTEDRF spectrum,
and a subset of the retrievals is repeated on the Tiberius
spectrum for comparison.

4.1. Self-consistent Atmosphere Models

We compare our measured transmission spectrum to atmos-
phere models produced using the SCARLET framework
(B. Benneke & S. Seager 2012, 2013; B. Benneke 2015;
B. Benneke et al. 2019a, 2019b). Four self-consistent models are
produced assuming equilibrium chemistry, for atmospheric
metallicities of 1, 100, 300, and 1000 times solar. The carbon-
to-oxygen ratio is fixed to the solar value (0.55; M. Asplund et al.
2009), and we assume full heat recirculation (f = 1) and zero
Bond albedo. The temperature—pressure profiles for these models
are computed in a self-consistent manner, iteratively updating the
temperature and chemistry of 60 evenly spaced atmospheric layers
P = 10*-1078 bar) until the atmosphere reaches radiative and
chemical equilibrium (following the Rybicki method outlined in
I. Hubeny & D. Mihalas 2014). The absorption of CHy
(S. N. Yurchenko et al. 2017), H,O (O. L. Polyansky et al.
2018), CO (R. Hargreaves et al. 2019), CO, (S. N. Yurchenko
et al. 2020), NH; (P. A. Coles et al. 2019), HCN (G. J. Harris
et al. 2006), H,S (A. A. A. Azzam et al. 2016), PH;
(C. Sousa-Silva et al. 2014), Na, and K (N. E. Piskunov et al.
1995; A. Burrows & M. Volobuyev 2003), as well as the
collision-induced  absorptions from H,-H, and H,-He
(A. Borysow 2002), are considered to simulate the spectra.
Moreover, we produce transmission spectra for 100 bar isothermal
(T(p) = 569 K; see Table 1) atmospheres composed of 100%
H,O, CHy, CO,, and NHj;, molecules that have significant
absorption features over the NIRSpec G395H wavelength range.
Our suite of forward models is shown in Figure 3.

4.2. Atmosphere-only Retrieval

We perform atmospheric retrievals on the transmission
spectrum of TOI-270 b using SCARLET, which takes as input
the temperature—pressure and molecular abundance profiles, as
well as a set of parameters for a given cloud prescription, and
returns the wavelength-dependent transit depth of a planet. The
atmospheric model is then coupled to a Bayesian inference
algorithm to solve the inverse problem and constrain the
properties of the atmosphere.
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We model the atmosphere as a set of 60 layers with equal
spacing in log-space from 10* to 10~ '" bar. The temperature—
pressure profile of the planet is considered to be constant with
altitude and is fit assuming a Gaussian prior (N [569, 100%] K)
centered at the equilibrium temperature of the planet (for zero
Bond albedo and full heat redistribution), with a wide standard
deviation of 100 K. For the atmosphere constituents, we model
a mixture of water and a fill gas. The abundance of water is fit
considering the centered log-ratio transform of B. Benneke &
S. Seager (2012), with a prior of U[L/n, L(1 — n)/n]
(L = —10 is the lower limit in log-space of the abundances,
n = 2 is the number of species) for the transformed volume
mixing ratio &. The water cross sections are computed from
the POKAZATEL line list (O. L. Polyansky et al. 2018) using
HELIOS-K (S. L. Grimm et al. 2021), and we consider the
collision-induced absorption of H,—H, following the coeffi-
cients of A. Borysow (2002). We also fit for an effective
surface pressure log Pyr ot (U[-8,2]log[bar]), which acts to
reproduce the presence of either a gray cloud top or solid
surface at a given pressure level.

For the fill gas, we consider two distinct scenarios: first, a
scenario where molecular hydrogen (H,) makes up the rest of
the atmospheric composition and, second, a scenario where the
fill gas is a fictitious element X, whose MMW iy is a free
parameter. The fill gas X has no opacity, and its only impact on
the spectrum is through the effect of its MMW on the
atmospheric scale height. We assume a uniform prior for the
MMW of species X (U[2, 44] AMU), ranging from that of H,
to CO,, such that we remain agnostic of the possible MMW of
inert/unconstrained species making up the rest of the atmo-
spheric composition of TOI-270 b.

Finally, since offsets between the two NRS detectors have
been observed in previous NIRSpec G395H data sets (e.g.,
L. Alderson et al. 2024; N. L. Wallack et al. 2024), we run all
retrievals described in this work twice: once assuming no
offset, and once including an offset as a free parameter
(6nrs.12, U[—250, 250] ppm). Unless stated otherwise, the
results shown in the rest of this analysis are obtained from the
retrievals assuming no offset, and the impact of its inclusion on
the atmospheric inferences is discussed in Section 5.4. The
parameter space is explored using the nested sampling Python
package nestle (J. Skilling 2004, 2006; K. Barbary 2014)
with 30,000 live points, a tolerance factor of 0.5 on the log-
evidence, and the single ellipsoid sampling method.

4.3. Free TLS Effect Retrieval

We also perform retrievals accounting for the TLS effect,
following the methodology described in M. Fournier-Tondreau
et al. (2023) and C. Piaulet-Ghorayeb et al. (2024). We consider
only the effect of spots, which are able to mimic water
absorption features, and fit for a spot covering fraction (fspor
U[0,1]), spot temperature contrast (AT, U[—1000, 0] K), and
stellar photosphere temperature (T phots N[3506, 702] K;
V. Van Eylen et al.). We do not consider faculae in the
retrievals as no evidence for their presence in the spectrum of
TOI-270d was found (B. Benneke et al. 2024). PHOENIX
stellar models (T.-O. Husser et al. 2013) are used to produce the
contamination spectra, interpolated at a surface gravity
logg = 4.872 and metallicity [Fe/H] = —0.2 (V. Van Eylen
et al. 2021). The models are computed for a range of effective
temperatures Topr € [2506, 4506] K in 20 K increments using the
MSG module (R. Townsend & A. Lopez 2023). The stellar
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Figure 4. The NIRSpec G395H transmission spectrum of TOI-270 b (black
circles, binned at a fixed resolving power of R = 80 for visual clarity) is well
fit by either an H,O-rich atmosphere or stellar contamination. The median fit
of the atmosphere-only (X + H,0) and bare-rock + TLS retrievals, along with
their 1/2¢ confidence regions, are shown in blue and orange, respectively. The
atmosphere and TLS effect models are similar over the NIRSpec G395H
wavelength range, with the difference between these two effects being more
easily discernible toward optical wavelengths.

contamination is fit simultaneously with the atmosphere model
described in Section 4.2. Because we want to fit only for the
TLS in this case—assuming that the planetary spectrum is flat—
we fit for the abundance of He, which is spectrally inactive,
instead of H,O, and consider species X for the fill gas. We again
explore the parameter space using 30,000 live points.

4.4. Joint Atmosphere and Constrained TLS Effect Retrieval

As shown in Figure 4, there is a degeneracy between the
presence of a water absorption feature from a possible
atmosphere and from unocculted stellar heterogeneities,
mainly due to the lack of short-wavelength coverage where
these two effects are typically best distinguished (e.g.,
M. Fournier-Tondreau et al. 2023; O. Lim et al. 2023;
C. Cadieux et al. 2024; M. Radica et al. 2025). Previous
observations of super-Earths with NIRSpec G395H have faced
a similar problem (e.g., E. M. May et al. 2023; S. E. Moran
et al. 2023). However, one further option is available to us: we
can leverage the transit of TOI-270d, observed in the same
visit (B. Benneke et al. 2024), to further constrain the TLS
effect. For a given planet, its wavelength-dependent effective
transit depth (J, c¢r) can be described as

6p,eff(/\) = bam (N €net (N), 3)

where 6, is the transit depth of the planet and its atmosphere,
and €, is the contamination factor introduced by unocculted
stellar spots and faculae (R. J. MacDonald & N. K. Lewis
2022). Thus, the absolute deviation (Ad,c) from the
planetary atmosphere spectrum that is introduced by the TLS
effect is equal to

R 2
A(Sp,f:ff(A) = atm()‘)(ehe[(A) - 1) ~ (Fp) (fhel()‘) - 1) (4)

This signifies that the larger the planet-to-star ratio of a planet
is, the more it is sensitive to stellar contamination. Applying



THE ASTRONOMICAL JOURNAL, 170:226 (20pp), 2025 October

this logic to the solar system, one could possibly use a transit
of Jupiter to constrain the contamination from the Sun’s
heterogeneities at 100 times the precision than could be done
with Earth, on the condition that they cross similar transit
chords. As TOI-270d is 1.7 times larger than TOI-270b
(B. Benneke et al. 2024), a stellar contamination feature of
40 ppm in the spectrum of planet b would correspond to a
feature of 115 ppm for planet d.

To leverage this effect, we run free-chemistry retrievals on
the NIRSpec G395H transmission spectrum of TOI-270d,
following the same methodology described in B. Benneke
et al. (2024), while also fitting for the TLS effect. Only spots
are considered, and retrievals are run with and without
accounting for an offset between NRS1 and NRS2. While
we use the Tiberius spectrum for this portion of the
analysis, as it is the reduction considered for the atmospheric
analysis in B. Benneke et al. (2024), we note that retrievals
performed on the exoTEDRF of TOI-270 d spectrum produce
virtually the same constraints on the TLS parameters.

We then repeat the retrievals described in Section 4.2, this
time using the constraints on the stellar contamination
parameters from the retrieval of TOI-270d as a prior for our
joint atmosphere and TLS effect retrieval of TOI-270b. The
prior on the TLS effect is applied by taking the samples of fpq
and ATSPOt from TOI-270d and performing a 2D kernel
density estimation (KDE). In the retrieval, we then interpolate
over the natural logarithm of the KDE for a given set of TLS
effect parameters and multiply the corresponding KDE value
to the prior. This is similar to the method employed in
M. Holmberg & N. Madhusudhan (2024), where they imposed
truncated Gaussian priors on the spot covering fraction and
spot contrast for their retrieval on the spectrum of TOI-270 b.
The benefit of the KDE method, however, is that the strong
correlation between fq,or and ATy, (Figure 4) is conserved.
Because we cannot implement our KDE prior in the prior
transform of nestle, we instead run these retrievals using
emcee. We run a total of 100 chains for 20,000 steps,
producing our posteriors from the last 40% of the total steps
and discarding the rest as burn-in.

When using the constraints on the TLS parameters from
TOI-270d for the atmospheric retrievals on TOI-270b, we
make the assumption that both planets share the same transit
chord. This assumption is justified by the fact that they show
consistent impact parameters: b, = 0.20 £ 0.13 (Table 1) and
by = 0.101700% (B. Benneke et al. 2024), as illustrated in
Figure 1. Moreover, there is no evidence of spot/faculae
crossing events in the transit light curves of both planets,
indicating they both crossed “clean” transit chords and should
thus share similar out-of-chord stellar surfaces.

5. Atmospheric Retrieval Results
5.1. Comparison with Self-consistent Models

Comparison of our transmission spectrum with self-
consistent, clear solar-C/O, H,/He-rich atmospheres indicates
that, for atmospheric metallicities below 300 times solar, the
amplitudes of the expected molecular features are much larger
than the observed scatter in the transit depth measurements
(Figure 3). We compute the preference/rejection significance
(through the Bayes factor 5, the odds ratio between two
models) for these models relative to a flat line via the
difference in their Bayesian information criterion (ABIC). The
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BIC depends on the maximum log likelihood of the
model (Lyax), its number of free parameters (k), and the
number of data points (N = 113): BIC = —2InL;x + kInN
(G. Schwarz 1978; A. R. Liddle 2007). The Bayes factor B can
then be approximated as In5 ~ —ABIC/2 following
R. E. Kass & A. E. Raftery (1995). The significance at which
a model is preferred/rejected over another is then assessed
using Jeffreys’ scale (Appendix B of H. Jeffreys 1939;
also presented in R. Trotta 2008 and B. Benneke &
S. Seager 2013), where InBj < 1.0 is inconclusive,
1.0 < InBy; < 2.5 is weak, 2.5 < InBy; < 5.0 is moderate,
and InBy; > 5.0 is strong. For all models, we compute the
minimum chi-squared (listed in Figure 3) that is achieved
when allowing for a free DC offset of the model (one free
parameter, k = 1) using the minimize function of the SciPy
Python package. The maximum likelihoods L, are then
computed from these chi-squared values.

When comparing a straight-line fit to the self-consistent
models, we measure Bayes factors of In B= 246.1, 121.9, 26.7,
and 3.5 for atmospheric metallicities of 1, 100, 300, and 1000
times solar, respectively. Below atmospheric metallicities of
300 times solar, the resulting amplitude of the spectrum is too
large to match the observed spectrum, resulting in these models
being strongly ruled out. For a solar-composition atmosphere
under equilibrium chemistry conditions, methane and carbon
dioxide are expected to be the main absorbers at the
temperatures of TOI-270b. These two species, however,
produce a worse fit to the data (higher x?) than a straight line
for 100 bar pure-CO, (InB = —8.5) and CH4 (InB = —5.3)
atmospheres. Contrastingly, we find that a 100 bar pure-H,O
model is preferred (In B = 5.2) when compared to a straight-
line model. When varying the surface pressure of the pure-H,O
model to 1 and 10 bar, we find that the chi-squared is virtually
unchanged, as the amplitude of the water features remains
relatively constant over this range of surface pressures.

By repeating this same analysis on the Tiberius
spectrum, we measure chi-squared values of y> = 148.9,
194.6, and 137.9 for the flat-line, 300 times solar, and 100%
H,0 models, respectively. This corresponds to Bayes factors
of InB = 22.3 for a flat line over the 300 times solar model,
and of In B = 5.5 for the 100% H,0O model over a flat line, in
agreement with the values obtained from the exoTEDRF
spectrum.

The exact significance of this preference for a water feature
is further quantified through the Bayesian evidence in
Section 5.5. We describe in the sections below the plausibility
of this tentative water feature being stellar in nature as well as
the constraints we can derive on any possible atmospheric
water abundance.

5.2. Leveraging TOI-270 d as a Stellar Contamination Control

When fitting the spectrum of TOI-270 b accounting only for
the TLS effect and assuming no prior knowledge of the stellar
contamination parameters, we find that the 20 confidence
interval of fipoe and AT, covers (seemingly unphysical)
combinations ranging from moderate spot covering fractions
with large spot contrasts and vice versa (Figure 5). If we
instead fit for the TLS parameters using the transmission
spectrum of TOI-270 d, we constrain fspor and AT, to be low
—consistent with zero—at high precision, inconsistent with
the range of values that would be needed to explain TOI-
270b’s spectrum from TLS alone. It is possible that the stricter
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Figure 5. Corner plot of the spot covering fraction and spot contrast from the
bare-rock + free TLS retrieval on TOI-270 b (blue), and the atmosphere +
free TLS retrieval on TOI-270d (red). Owing to its larger size, the
atmospheric retrieval on TOI-270 d is much more constraining regarding the
TLS parameters and is able to rule out significant contamination from the star.
Moreover, the range of fq,o and AT, values needed for TLS to explain TOI-
270b’s spectrum is significantly disfavored by the constraints from
TOI-270 d.

TLS constraints obtained from TOI-270d are not solely the
result of its larger size, but also of the many molecular opacity
bands observed over the NIRSpec G395H wavelength range.
These features provide a robust measurement of TOI-270d’s
continuum opacity, which may in turn make the atmospheric
inferences less susceptible to degeneracies with the TLS effect.
The constraints from TOI-270d enable us to derive more
stringent atmospheric inferences for TOI-270b while still
marginalizing over the remaining uncertainty on the TLS
parameters.

The lack of stellar contamination from TOI-270 is not
unexpected given its low observed photometric modulation
(M. N. Giinther et al. 2019). With a rotation period of
~58 days (V. Van Eylen et al. 2021), magnetic activity is
expected to be lower compared to M stars that have rotation
timescales of a few days (S. Mohanty & G. Basri 2003), such
as TRAPPIST-1 (~3.3 days; R. Luger et al. 2017) and GJ 3090
(~18 days; J. M. Almenara et al. 2022; E.-M. Ahrer et al.
2025). This statement is also supported by the observation of
an Hoa absorption feature in the spectrum of TOI-270
(M. N. Giinther et al. 2019), indicative of low magnetic
activity. Lower activity levels would then result in smaller spot
coverage, and thus in the lack of a significant TLS effect in the
observed spectra. This is consistent with the measured
rotational modulation of TOI-270, on the order of 1 ppt in
the TESS bandpass (V. Van Eylen et al. 2021), corresponding
to spot covering fractions of less than 2% according to the
relations of B. V. Rackham et al. (2018). We note, however,
that stellar contamination has been claimed as a potential
explanation for some of the signal observed in the transmission
spectra of rocky planets orbiting M dwarfs with rotation
periods of more than 50 days (e.g., GJ 486, GJ 1132, and LHS
1140; E. M. May et al. 2023; S. E. Moran et al. 2023;
C. Cadieux et al. 2024), although these objects coincidentally
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have spectral types later than or equal to M3.5, at which point
stars are expected to be fully convective (G. Chabrier &
I. Baraffe 1997). Given their lack of a tachocline—the
boundary between the radiative and convective regions
(M. Dikpati & P. Charbonneau 1999)—these objects are
possibly unable to sustain a solar-like dynamo (E. N. Parker
1955) and could be in a distinct activity regime.

5.3. Free-chemistry Retrievals

The H,O/H, atmospheric retrieval performed without
considering the TLS effect shows a ~2¢ confidence interval
that encases water-rich (>50% water) scenarios with effective
surface pressures of more than 10 bar (Figure 6). At the 20—
30 level, H,-rich atmospheric compositions are also allowed as
the right combination of low MMW, water volume mixing ratio,
and surface pressure can reproduce the 40ppm feature
amplitude that would correspond to a water-rich scenario. While
H,-rich and H,O-rich scenarios can in principle be distinguished
from the widths and relative amplitudes of the molecular
features (B. Benneke & S. Seager 2013), the partial water
feature that is covered by NIRSpec G395H and the precision of
the observations are not sufficient to differentiate between these
scenarios. Within the 3¢ level and beyond, scenarios with low
effective surface pressures, and thus low water feature
amplitudes, are not ruled out as a flat spectrum can reasonably
explain the observed spectrum. Additionally, we rule out a
portion of the parameter space at >3c confidence for water
mole fractions below 0.3% and effective surface pressures
above 1 bar, as the water feature amplitude produced by such
scenarios is too great to reproduce the tentative feature.

When including the MMW of the background gas as a free
parameter in the atmospheric retrieval, we find that the 1.5¢0
confidence region encases water mole fractions and effective
surface pressures above 50% and 10 *bars (Figure 7),
respectively, consistent with the results from the H,O/H,
retrieval. We find in this case, however, that scenarios with
low water mole fractions and high surface pressures are
allowed by the retrieval as the background MMW can adjust
itself to conserve the correct feature amplitude. At the 2o
confidence level, scenarios with water mole fractions below
10% show background MMW px values of 26 AMU as the
resulting water feature amplitude would otherwise be too
large. Similarly, low H,O VMR scenarios also disfavor high
(<18 AMU) px values as they would result in smaller feature
amplitudes compared to a pure-H,O atmosphere.

When accounting for the TLS effect, we find that, given the
strong preference for low spot temperature contrasts and spot
covering fractions from the retrieval on TOI-270 d, we obtain
probability posterior distributions for the water mole fraction
and cloud top pressure that are nearly identical in shape and
precision compared to when TLS is not considered (Figures 6
and 7). This further confirms that the level of stellar
contamination allowed by the constrained TLS retrieval is
not sufficient to produce the tentative water absorption
signature near 3 um, which remains best explained by water-
rich atmosphere scenarios.

5.4. Offset between the NRSI1 and NRS2 Detectors

When including an offset between the two detectors for
the retrievals performed on the exoTEDRF reduction, we
measure Ongsy Values that are 20—2.5¢0 away from zero. The
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Figure 6. Constraints on the water mole fraction and effective surface pressure
from the free-chemistry retrieval without TLS. The color represents the
normalized posterior probability density from the retrieval assuming no TLS
effect, and the full black lines indicate the 1o, 1.50, 20, and 30 confidence
intervals. The dashed lines represent those same confidence intervals for the
retrieval where we assume as a prior the TLS parameter constraints from the
retrieval on TOI-270 d.

magnitudes of the offsets are similar despite differences in
modeling assumptions, with values of 26 =+ 11ppm,
26 + 10ppm, and 20 + 12 ppm for the H,/H,0, X/H,0,
and free TLS retrievals, respectively. However, when includ-
ing an offset in the retrieval on TOI-270 d, we measure a value
that is consistent with zero (Ongrsi2 = 2 = 18 ppm). One
possibility is thus that the nonzero offsets measured in the
TOI-270 b retrievals result from missing opacity sources rather
than from a systematic offset between the NRS detectors.

When an offset is included in the retrievals, we find that the
overall shape of the H,O mole fraction versus effective surface
pressure posterior distribution is relatively unchanged (see
Figures 13 and 14 in the Appendix), although the constraints
are overall weaker as the offset is able to partially mute the
amplitude of the feature attributed to water.

5.5. Statistical Significance

We compare the Bayesian evidence from our atmosphere-
only retrievals to that of a simple “flat line” model to quantify
the significance of the preference for an atmosphere model.
The Bayesian evidence for the flat-line model is computed by
running a retrieval fitting for the abundance of He (spectrally
inactive) with X as the fill gas, which is then compared to a
retrieval where we fit for both the abundances of He and H,O
(again using X as the fill gas). We use this specific setup as
Bayesian model comparison requires that the models be nested
(R. Trotta 2008). When including H,O in the retrievals, we
find an increase in the evidence corresponding to Bayes factors
of In B = 0.8 (inconclusive) when including an offset and 3.2
(moderate) when no offset is considered. Similarly, when
repeating these retrievals on the Tiberius spectrum, we
measure Bayes factors of In3 = 0.3 and 2.9 with and without
an offset, respectively, indicating that the significance of the
preference for a water absorption feature depends heavily on
the inclusion of an offset parameter in the retrievals.

While it is shown in Section 5.1 and Figure 3 that a water-
rich atmosphere provides a better fit to the data (lower x?) than
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a flat-line model, it does not necessarily provide a good fit in
an absolute sense. Indeed, the reduced chi-squared of the
100 bar pure-H,O model to the exoTEDRF spectrum is
XZ/N = 1.40. Similarly, the X4H,O retrievals performed on
the exoTEDRF spectrum result in XZ/N values of 1.39 and
1.34 with and without an offset, respectively. With its slightly
larger uncertainties, the Tiberius spectrum produces x> /N
values of 1.21 (no offset) and 1.13 (with offset), closer to the
value of 1 which would be expected for independent and
Gaussian-distributed residuals. Possible explanations for these
elevated chi-squared values include an underestimation of the
transit depth uncertainties, as well as residual astrophysical
and instrumental signal in the spectrum that is not fitted by the
model.

6. Atmospheric Evolution Analysis
6.1. Coupled Geochemical Evolution Modeling

To investigate the plausibility of different atmospheric
scenarios, we use the PACMAN-P geochemical evolution
model to simulate the coupled atmosphere—interior evolution
of TOI-270b (J. Krissansen-Totton et al. 2024). The frame-
work has previously been applied to model the transition from
primary to secondary atmospheres, and can accommodate
arbitrary C-, H-, and O-bearing atmospheric compositions in
contact with a molten interior. PACMAN-P simultaneously
solves for geochemical and thermal equilibrium as the magma
ocean solidifies. At each time step, we calculate the multiphase
equilibrium of all volatiles and Fe-bearing species between the
atmosphere and the molten silicate interior. The resulting
atmospheric species determine surface temperature, as calcu-
lated using a radiative-convective climate model that balances
absorbed stellar radiation, outgoing longwave radiation, and
internal heat flow. Internal heat flow is determined by
parameterized mantle convection with temperature-dependent
mantle viscosity, and driven by the heat of accretion, assumed
radionuclides, and the latent heat of mantle solidification.
Imposed stellar bolometric and X-ray and ultraviolet (XUV)
evolution drives atmospheric escape, which is either XUV
limited or diffusion limited depending on the composition of
the upper atmosphere (H-, C-, and O-bearing species can
escape; J. Krissansen-Totton et al. 2024).

6.2. Possible Evolution Scenarios of TOI-270 b

Three illustrative outputs from the atmosphere—interior
evolution modeling of TOI-270b are shown in Figure 8.
These results are drawn from a larger Monte Carlo ensemble
that explores sensitivity to initial volatile inventories, and
uncertainties in stellar evolution, atmospheric escape, and
other planetary parameters (J. Krissansen-Totton et al. 2024).
We find that a diversity of atmospheric outcomes can be
reconciled with the current observational constraints, and three
qualitatively different examples of this are highlighted in
Figure 8. The top panel of Figure 8 shows a scenario whereby
TOI-270b is initialized with a comparatively oxidized volatile
inventory (1.1 x 10% kg H,0, 5.5 x 10*? kg H,, and 2.1 x
10%° kg C). Net hydrogen escape causes a transition to a
strongly oxidizing atmosphere (approximately 20% H,O and
80% O, by volume), which is broadly compatible with the
fictitious background constraints in Figure 7 (uo2 = 32 AMU).
The middle panel of Figure 8 shows an intermediate scenario
whereby the planet is initialized with a more reducing volatile



THE ASTRONOMICAL JOURNAL, 170:226 (20pp), 2025 October

1.05
1076 8
B g
2 085
Qo £
5107 z
¢ 6o
g 062
8 10-2 N
g1o 2
a 043
g | S
-8 100‘ o
o 0.2 5
5 7 3
[
1 7
10755 — &
0.001 0.1 1 1050 909899.9 99.999

H,0 Mole Fraction [%]

0.001 0.1 1 10509098 99.9 99.999
H,0 Mole Fraction [%]

Coulombe et al.

o o o =
» o =< o
Posterior probability density (normalized)

o
N
S
]

Posterior probability density (normalized)
Effective Surface Pressure [bar]

102

20 30 40
Hx [AMU]

Figure 7. Constraints from the atmospheric retrieval considering the fictitious species X as the background gas. Left: joint constraints on the water mole fraction and
effective surface pressure, where color represents the normalized probability density. The 1o, 1.50, 20, and 30 probability contours are indicated by the full and
dashed black lines for the retrievals assuming no TLS and with constrained TLS, respectively. Middle: joint constraints on the water mole fraction and background
gas MMW (ux). The 1.50, 20, and 30 probability contours are indicated by the full and dashed black lines for the retrievals assuming no TLS and with constrained
TLS, respectively. Beyond water mole fractions of 90%, the background MMW is unconstrained as the global MMW is dominated by that of H,O. Below that, the
1.50 and 20 confidence regions are confined to a given range of MMW values, as global MMWs that are too low /high would result in water absorption features that
are too large/small compared to the tentative feature. Right: joint constraints on the background gas MMW and effective surface pressure.

composition (3.3 x 10*' kg H,0, 9.8 x 10°* kg Hy, and 1.1 x
10%° kg C). Here, hydrogen loss causes a transition to a steam-
dominated atmosphere (approximately 85% H,O and 15% H,
by volume), which is within the 1.50 confidence region of the
H,/H,0 atmospheric retrieval (Figure 6). Finally, the lower
panel of Figure 8 shows an example of a similarly reduced
scenario but with a larger initial volatile inventory that is more
resistant to escape (6.2 x 10! kg H,0, 1.6 x 10* kg H,, and
27 x 10* kg C). Here, TOI-270b has retained an
H,-dominated atmosphere (approximately 85% H, and 15%
H,O by volume). This is consistent within 20 with the results
from the H,/H,O retrieval. In all three scenarios the dense
overlying atmosphere maintains a deep magma ocean
throughout, within which substantial dissolved volatiles are
stored and gradually exsolved to offset escape losses.

7. Discussion

The relatively low density of TOI-270b and possible
evidence for a water absorption feature in its spectrum both
hint at the presence of a significant amount of volatiles on
TOI-270 b, consistent with expectations for a “water world”
scenario. This type of planet, with volatile inventories much
higher than the solar system terrestrial planets, has been
predicted by formation theory (e.g., T. Lichtenberg et al. 2019;
J. Venturini et al. 2020; A. Izidoro et al. 2022; R. Burn et al.
2024). Moreover, planet formation modeling studies have
found that water-rich formation is favored for M dwarf star
systems (R. Burn et al. 2021; J. Venturini et al. 2024). Mass—
radius measurements of planets have revealed a few “water
world” candidates with densities consistent with significant
WMFs (e.g., R. Luque & E. Pall¢€ 2022; C. Piaulet et al. 2022;
C. Cadieux et al. 2024), and recent HST/JWST observations
have provided the first spectroscopic evidence for their
existence (P.-A. Roy et al. 2023; C. Piaulet-Ghorayeb et al.
2024). We emphasize that the measurements presented in this
work are only tentative, and any convincing evidence of an
atmosphere on a rocky exoplanet should ideally come from
repeatable measurements of atomic or molecular features.
Nevertheless, we shortly discuss below the implications that
the discovery of volatiles on TOI-270 b, if confirmed, would
signify in terms of its nature, formation, and evolution.
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7.1. Formation of TOI-270 b

If TOI-270 b formed beyond the water—snow line, it could
have accreted a significant amount of volatiles throughout its
formation as water would be directly available in the solid
phase (K. I. Oberg et al. 2011). Considering the effective
temperature of TOI-270 (3506 K; V. Van Eylen et al. 2021)
and assuming a water evaporation temperature of 135K
(K. I. Oberg et al. 2011), the position of the water—-snow line
would be at 0.6 au, 20 times farther out than the current-day
orbital position of TOI-270b (Table 1). We note, however,
that the snow lines would have most likely been farther out at
the time of planet formation, as the star would have been
brighter during its pre-main-sequence phase (I. Baraffe et al.
2015). Such a scenario would require significant inward
migration after the planet has formed, which is consistent with
the fact that the TOI-270 planets are in near resonances,
indicative of a potential migration history for the system
(M. D. Melita & M. M. Woolfson 1996; M. H. Lee &
S. J. Peale 2002; C. Terquem & J. C. B. Papaloizou 2007).
This is akin to the formation history of the Galilean moons of
Jupiter, where Ganymede and Callisto formed beyond the
snow line of Jupiter’s circumplanetary disk, amassed
~50% water by mass, and subsequently migrated inward
(J. B. Pollack & R. T. Reynolds 1974; T. Sasaki et al. 2010).

Another possibility is that, rather than the volatile inventory
of TOI-270 b resulting from the direct accretion of icy material
from the protoplanetary disk, it is the result of interaction
between a primordial H,/He atmosphere with the interior of
the planet (C. Dorn & T. Lichtenberg 2021; H. E. Schlichting
& E. D. Young 2022; E. D. Young et al. 2023). The interaction
of hydrogen with the mantle produces water through chemical
reactions such as FeOg, + Hp, — H2O(q) + Feq) (E. S. Kite &
M. N. Barnett 2020; E. S. Kite & L. Schaefer 2021). The
primordial atmosphere would then gradually be lost to space
after dissipation of the protoplanetary disk, leaving behind a
rocky planet enriched in volatiles (Figure 8, top and middle
panels). Simulations presented in J. G. Rogers et al. (2024)
show that 0.5%-1.0% of water by mass can be produced
through this process, within the same order of magnitude as
our inferred WMF as well as the volatile mass fraction
measured on TOI-270d (6.0737%, 124477S} Mo, ocean;
B. Benneke et al. 2024). Surface volatiles can then be
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Figure 8. Coupled atmosphere—interior evolution modeling shows that a
diversity of atmospheric outcomes are consistent with observational
constraints. The PACMAN-P geochemical evolution model (J. Krissansen-
Totton et al. 2024) was used to explore plausible evolutionary scenarios for
TOI-270 b. This model explicitly couples magma ocean solidification,
speciation of C-, H-, O-, and Fe-bearing species, stellar evolution, thermal
escape, and radiative-convective climate. Subpanels represent scenarios
whereby hydrogen escape causes a transition to an O,-H,O atmosphere
(top), an H,O-dominated atmosphere (middle), and a case where an H,-
dominated atmosphere is retained (bottom). The internal volatile reservoirs of
the planet are not shown.

continually replenished through equilibrium exsolution from
the magma ocean. The total planetary volatile inventories
presented in Figure 8 are broadly consistent with the mass
constraints of the planet.

7.2. TOI-270 b in the Context of the Cosmic Shoreline

The mass, radius, and instellation of TOI-270b place it
close to the cosmic shoreline (K. J. Zahnle & D. C. Catling
2017; see Figure 9), on the “airless” side, in the same region as
planets shown to be consistent with bare rocks from JWST/
MIRI thermal emission observations. If we also compare the
positions of TOI-270 ¢ and d relative to the cosmic shoreline,
they are closer to the no-atmosphere regime than Venus and
Earth, with TOI-270c being at virtually the same distance
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Figure 9. Position of TOI-270 b relative to the cosmic shoreline. Escape
velocity and cumulative XUV irradiation are computed using the scaling of
K.J. Zahnle & D. C. Catling (2017) for all known exoplanets with equilibrium
temperatures below 1000 K, radii smaller than 1.8 R, and masses measured to
higher than 20% precision (data taken from the NASA Exoplanet Archive;
R. L. Akeson et al. 2013). The blue dashed line indicates the position of the
cosmic shoreline shown in K. J. Zahnle & D. C. Catling (2017), and we add a
shaded region corresponding to a factor of 4 uncertainty in XUV irradiation, as
in Q. Xue et al. (2024). The solar system telluric planets are shown for
comparison, and we also indicate the position of TRAPPIST-1 b (T. P. Greene
et al. 2023), TRAPPIST-1c (S. Zieba et al. 2023), GJ 1132b (Q. Xue
et al. 2024), GJ 486 b (M. W. Mansfield et al. 2024), and LTT 1445 Ab
(P. Wachiraphan et al. 2025), which have all been found to be consistent with
a dark, bare-rock scenario from JWST thermal emission observations.
However, some of these targets, such as TRAPPIST-1 c (S. Zieba et al.
2023), remain consistent with a variety of atmospheric scenarios. The two sub-
Neptunes of the TOI-270 system, planets ¢ and d, are also shown for
comparison with planet b.

from the shoreline as Mars. However, there is no doubt that
TOI-270 ¢ and d host atmospheres based on their measured
densities alone (p,. = 2.7 and p,q = 2.9 gem ;L. Kaye
et al. 2022). One possible explanation is that the cumulative
XUV irradiation received by the TOI-270 planets is over-
estimated by the scaling relation used in K. J. Zahnle &
D. C. Catling (2017), possibly to the point where TOI-270 b
could also sustain an atmosphere.

More broadly, it is important to highlight that the cosmic
shoreline is a quasi-empirical relationship with a functional form
motivated by atmospheric escape theory. While the cosmic
shoreline may separate airless worlds and planets with atmo-
spheres at the population level, for any individual planet
atmospheric retention is a function of initial volatile inventories.
If TOI-270 b does have an atmosphere, it was possibly shielded
from complete loss due to the large amount of volatiles it might
have accreted. For example, Figure 8 (bottom) shows a plausible
evolutionary scenario whereby TOI-270b retains a hydrogen-
rich atmosphere due to possessing a large initial volatile
inventory and storing volatiles in the magma ocean, which
never solidifies for all three cases shown. A consequence of this
is that, rather than focusing on irradiation alone, there is great
interest in determining the conditions most conducive to the
accumulation of volatiles at the time of and after the formation of
a rocky planet in the search for secondary atmospheres.

8. Conclusion

In this work, we present an updated density measurement
and transmission spectrum for TOI-270b from its NIRSpec
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G395H transit that was captured during a visit of the outermost
planet of the system, the sub-Neptune TOI-270d. We find its
density to be inconsistent at 4.40 with an Earth-like
composition. It is instead consistent at 2.40 with a pure-rock
composition, which is unlikely if we assume the stellar iron-to-
magnesium abundance ratio (Fe/Mg = 0.81 £+ 0.22) to be
representative of the planet’s CMFI, unless it formed as a sub-
Neptune, in which case its hydrogen-rich past is expected to
result in underdense cores (H. E. Schlichting & E. D. Young
2022). Furthermore, we find the planet is best explained by
nonzero, percent-level water by mass when assuming the
stellar and solar priors for the CMF, respectively. By
comparing the transmission of TOI-270b’s spectrum to self-
consistent models, we find that the data rule out clear,
solar-C/O atmospheres with metallicities <300 times solar.
Moreover, atmospheric retrievals show a preference for the
presence of a partial water absorption band at the bluest
wavelengths of the NRSI detector, whose amplitude is
consistent with expectations for a water-rich atmosphere.
However, planetary water absorption features are generally
degenerate with the TLS effect for M dwarf host stars. To rule
out this possibility, we leverage the transit of TOI-270d
observed within the same visit, which is 3 times more sensitive
to TLS given its larger size, and show that there is no evidence
of significant stellar contamination in the spectrum. Finally, we
find that the significance of the preference for the inclusion of
water, which ranges from inconclusive to moderate, depends
heavily on whether an offset between the two NRS detectors is
considered in the retrievals and, to a lesser extent, data
reduction methodologies.

Observations of TOI-270b in thermal emission using the
15 pm photometric filter of the MIRI instrument, taken as part
of the Hot Rocks Survey (GO 3730; PI: H. Diamond-Lowe),
will provide important constraints about its heat redistribution
efficiency and Bond albedo. More specifically, thermal emission
measurements are highly sensitive to the overall extent of the
possible atmosphere and will prove complementary with the
transmission measurements, which are consistent with a
wide range of surface pressures (P = 10°—10 > bar within
20; see Figure 7). Nevertheless, photometric secondary-eclipse
observations are subject to degeneracies depending on the
mineralogical makeup of their surface as well as the composi-
tion and thermal structure of their possible atmosphere (e.g.,
M. K. Alam et al. 2025; E. Ducrot et al. 2025; M. Hammond
et al. 2025), and further transmission spectroscopy observations
of TOI-270 b are needed to confirm or rule out the presence of a
significant secondary atmosphere. The near-infrared wave-
lengths covered by JWST/NIRISS SOSS (A = 0.6-2.85 um;
L. Albert et al. 2023; R. Doyon et al. 2023) are ideal for such a
task as they cover multiple water absorption features (e.g.,
A. D. Feinstein et al. 2023). Near-simultaneous transit
observations of multiple planets within a single system, such
as the one presented in this work, could prove a powerful tool to
mitigate stellar contamination in the search for secondary
atmospheres on rocky planets outside our solar system.
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Appendix

We present in the appendix the root mean square of the
light-curve residuals as a function of bin size (Figure 10), a
comparison of the transmission spectra from the three
independent reductions (Figure 11), and the covariance of
the residuals from the spectroscopic light curves (Figure 12).
We further include the results of the retrievals on the
exoTEDRF spectrum with an offset between the NRS
detectors (Figures 13 and 14), as well as the stellar abundance
measurements from the NIRPS analysis (Table 2).
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Figure 10. Root mean square of the residuals as a function of the bin size of the broadband and spectroscopic light curves. Left: rms curves computed from the
residuals of the fits to the NRS1 white light curves extracted using Eureka! (blue), Tiberius (red), and exoTEDRF (green). The colored dashed lines represent
the expected 1/+/N trend of Poisson noise considering the fitted light-curve scatter. The black dashed line corresponds to the Poisson noise trend assuming the errors
returned by the jwst pipeline. The three reductions show different scatters at the temporal resolution of the data but reach the same noise floor for bin sizes of
>30-40 minutes. Center left: normalized rms curves (black lines) for all exoTEDRF spectroscopic light curves from the NRS1 detector. The red dashed line
corresponds to the Poisson noise trend. Center right: same as left for the NRS2 white light curves from the three independent reductions. Right: normalized rms

curves for all exoTEDRF spectroscopic light curves from the NRS2 detector.
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Figure 11. Top row: comparison between the transmission spectra obtained from the Tiberius (red) and exoTEDRF (green) reductions (left), and the Eureka!
(blue) and exoTEDRF reductions (right). Middle row: residuals between the Tiberius and exoTEDRF transmission spectra (left), and the Eureka! and
exoTEDRF transmission spectra (right). The error bars for the residuals are computed by summing the error bars of the two spectra in quadrature. The mean values
of the residuals, normalized by their error bars, are indicated in the panels. The Tiberius and exoTEDRF spectra show great consistency across the full
wavelength range, with residuals well centered around zero. As for the Eureka! spectrum, it is generally consistent with exoTEDRF over the NRS1 detector, but
there is a significant deviation from zero at wavelengths past 4.5 ;um between the two reductions. Bottom row: transit depth errors for the three spectra.
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Figure 12. Left column: logarithm of the absolute values of the covariance matrices computed from the residuals of the 51 NRS1 spectroscopic light-curve fits for
the Tiberius (top), exoTEDRF (middle), and Eureka! (bottom) reductions. Right column: maximum-normalized covariance curves for all individual spectral

bins of the NRS1 detector. The Eureka! reduction shows significant covariance between neighboring spectral bins (away from the diagonal), contrary to the
Tiberius and exoTEDRF reductions.
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Figure 13. Constraints on the water mole fraction and effective surface pressure from the free-chemistry retrieval without TLS and including an offset dxrs; 2. Color
represents the normalized posterior probability density from the retrieval assuming no TLS effect, and the full black lines indicate the 1o, 1.50, and 20 confidence
intervals. The dashed lines represent those same confidence intervals for the retrieval where we assume as a prior the TLS parameter constraints from the retrieval on
TOI-270 d.
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Figure 14. Constraints from the atmospheric retrieval considering the fictitious species X as the background gas and including an offset dngrsi2. Left: joint
constraints on the water mole fraction and effective surface pressure, where color represents the normalized probability density. The 1o, 1.50, and 20 probability
contours are indicated by the full and dashed black lines for the retrievals assuming no TLS and with constrained TLS, respectively. Middle: joint constraints on the
water mole fraction and background gas MMW (ux). The 1.50 and 20 probability contours are indicated by the full and dashed black lines for the retrievals
assuming no TLS and with constrained TLS, respectively. Beyond water mole fractions of 90%, the background MMW is unconstrained as the global MMW is
dominated by that of H,O. Below that, the 1.5¢0 and 2¢ confidence regions are confined to a given range of MMW values, as global MMWs that are too low /high
would result in water absorption features that are too large/small compared to the tentative feature. Right: joint constraints on the background gas MMW and
effective surface pressure.

18



THE ASTRONOMICAL JOURNAL, 170:226 (20pp), 2025 October

Table 2
Stellar Abundances Derived from the NIRPS Near-infrared High-resolution
Spectrum of TOI-270 Using PHOENIX ACES Models (T.-O. Husser et al.
2013) with Fixed log g of 5.0 dex and T.¢ of 3500 K, as Measured Following
the Methodology of F. Jahandar et al. (2024, 2025)

Element [X/H] No. of Lines
Fe1 —0.02 £ 0.08 18
Mg I ~0.03 + 0.06

Sil 0.23 + 0.01 3
Cal —0.50 £+ 0.20

Ti1 —0.01 £ 0.06 19
All —0.02 £ 0.23 4
Nal —0.35 +£ 0.20 2
CI —0.13 £ 0.56 3
K1 —0.18 £+ 0.20 4
or —0.31 £ 0.04 29
[M/H] —0.13 £ 0.07

Notes. For each element, the relative-to-solar abundance [X/H] is given by
averaging the abundances of all its lines. All elements show abundances that
are consistent with solar within 30, with the exception of Si, which appears to
be an outlier. The overall metallicity [M/H] is defined here as the average
abundance of all the measured elements with uncertainty defined as the
standard deviation of all values divided by VN — 1, N being the number of
different elements.

? Inferred from the OH lines.
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